To achieve durable concrete structures, the first important step is the sound placing of concrete. Compatibility among concrete materials, an important issue for controlling the workability of concrete for sound placing, has been the object of much attention over the past decade. Every engineer wants to have reliable methods to examine the fluidity performance of cement and superplasticizers. In this study, the way to examine fluidity performance is discussed from the viewpoint of fundamental mechanisms. One important point is the deforming properties of superplasticized concrete. When fresh concrete deforms homogeneously, the workability of concrete mixtures can be explained by one basic theory of superplasticizer, i.e. proportional correlation of the adsorption amount of superplasticizer per surface area of hydrate to the fluidity. Moreover, the examination of the fluidity performance of cement and superplasticizers should consider the condition of real concrete with respect to the water-to-cement ratio and mixing procedure of materials.
Introduction
The durability of concrete structures has been a main issue of research for sustainable development. The first step toward durability is in the sound construction of concrete structures. Modern technology of concrete construction requires for concrete to have suitable workability at various water-to-cement ratios, W/C. In cases such as low W/C, high fluidity, fluidity retention, and utilization of crushed aggregate, superplasticizers are used to enhance the workability of concrete. Without superplasticizers, the fluidity of concrete can be constant with limited variation. However, when superplasticizers are used, unexpected fluidity variations may occur, giving rise to incompatibility problems (Aictin et al. 1994, Hanehara and Yamada 1999) .
The availability of methods on a laboratory scale to estimate the workability of commercial production concrete as a standard test would be beneficial for producers of material such as cement, chemical admixtures and aggregate to control the fluidity performance of their products as well as for many concrete engineers at job sites. In Japan, one research committee for the investigation of appropriate methods to examine the fluidity performance of cement and superplasticizers was organized by the Japan Society of Civil Engineers, JSCE, and operated from 1999 to 2001 (Yamasaki 2002) . One important conclusion of this committee was that there is no simple and universal method to examine the performance of concrete materials for various conditions of concrete.
In this paper, based on the results of this committee, the authors extend this research to study some important factors for the examination of the fluidity performance of cement and superplasticizers. First, some studies are reviewed to clarify the important factors for the examination of fluidity performance. Then, one experiment for studying the hypothesis obtained from the review is explained. Further, the performance of polycarboxylate superplasticizers are investigated based on a theory proposed by the authors. Finally, recommendations for examining the performance of concrete material are summarized.
Review of some previous studies

Evaluation method of the fluidity performance of cement and superplasticizers
Every engineer and researcher wishes for simple methods such as mortar and paste tests for examining the fluidity performance of cement, superplasticizers and other concrete materials. The availability of such methods would make quality control of concrete materials easier and help to avoid unexpected incompatibility problems. When the role of superplasticizers is considered from the most fundamental mechanism, superplasticizers act as dispersants for hydrated cement particles by modifying inter-particle potentials. With the higher dispersion of cement hydrates, the paste in concrete acquires higher fluidity that may result in higher fluidity of mortar and concrete under specific conditions. Figure 1 illustrates a concept from the inter-particle potential of cement hydrates to the workability of concrete. In this relationship between the micro and macroscopic levels of inter-particle interactions, checking the properties of the lower level does not always result in knowing the main factor controlling the properties of the upper level. Only when every correlation is well established is it possible to explain concrete workability from the fundamental mechanism.
In this study, the final target is the proposal of a method to examine the fluidity performance of concrete materials. The method should be universal and easy to carry out everywhere, and of course, should represent the fluidity of concrete. Use of a standard sand and mortar flow test was expected. In order to investigate the suitability of the mortar flow test as a standard test, the effects of some factors were checked in commercially produced concrete. The examined factors were W/C, difference in source and type of cement, type of superplasticizers and kinds of sand.
Effect of W/C
For concrete with a relatively higher W/C ratio of approximately 0.50 or 0.60, traditional water reducer is used in almost all concrete applications. In these cases, the inter-particle potential is expected to be relatively uniform. Figure 2 (JCA 2003) shows the effect of different cement sources on the slump of normal slump concrete. Slump changes with polycarboxylate-type superplasticizer (PC) are plotted for two different unit water contents, 154 kg/m 3 and 169 kg/m 3 . The various normal portland cement were supplied from different plants. The maximum aggregate size was 20 mm and the environmental temperature was 20°C. The concrete was mixed using a pan type one-axial mixer. As shown in Fig.  2 , the effect of different cement sources was in a range of 3 cm. This variation is limited and can be considered within the experimental error range.
However, the situation becomes completely different at lower W/C ratio such as 0.30. In Fig. 3 (Yamada et al. 2001a) , the required PC dosage to produce 60 cm of slump flow of concrete is highly dependent on the combination of cement source and PC type. Two cements having different performance were selected from 8 kinds of cement from different plants based on preliminary tests. As shown in Fig. 3 , when one type of PC, PC1, is used, the cement source can affect the required PC 1 dosage by as much as 50%. When the other type of PC, PC 2 is used, the difference in required dosage is only 10%, which underscores the complexity of the PC-cement interaction.
These two facts indicate that the performance of cement depends to a significant extent on the W/C ratio and types of superplasticizer (Yamada et al. 2000) . There may be no universally incompatible cement in the case of various concrete mixtures. In other words, it is difficult to decide on a simple test method with a standard cement or a standard superplasticizer to detect superplasticizer-cement incompatibility because of the very wide range of materials used by concrete producers.
Mixing procedure
When concrete is mixed in a laboratory, in order to avoid scattering of materials and inhomogeneous mixing, cement and aggregate are often premixed, and then water with admixture is added. However, in typical concrete mixing plants, every material is put into a concrete mixer simultaneously. It is well known that the mixing procedure of concrete materials affects the fluidity of concrete (Aïtcin et al. 1994) . Most typical cases will occur in poly-beta-polynaphthalene sulfonate type superplasticizer, PNS. PNS is absorbed competitively with sulfate ions into some hydrates formed right after mixing of cement and water (Nakajima et al. 2005) . When PNS is added after the addition of water, this undesirable absorption of PNS can be avoided and improved performance of PNS can be realized. This effect is less marked in the case of polycarboxylate type superplasticizers (Yamada et al. 2001b) . The research discussing the fluidity relationship between commercially produced concrete at job sites and the corresponding laboratory concrete is very limited. It is important to be aware that most evaluation methods are under standard laboratory conditions. However, as a fact, there is a significant difference between fluidity and fluidity retention in actual concrete and laboratory concrete. This problem being outside the scope of this study, it will be discussed at a later time. In this study, laboratory concrete is assumed to be standard like in other most studies.
Suitable mix proportions
The simplest method to examine the fluidity performance of cement and superplasticizers may be a mortar flow test using universal standard sand and a Hobart mixer, or a paste flow test using a high-speed mixer. In any methods, the fluidity relationship as shown in Eg.(1) must be confirmed when any key factors are changed.
Concrete <=> Mortar in concrete <=> Separately mixed mortar <=> Standard sand mortar (1) However, as is know, some factors may interfere with this simple correlation, such as the effect of mixing efficiency (Ozu et al. 2001 ) and the interaction between clay minerals and superplasticizers (Sakai et al. 2003 , Jeknavorian et al. 2003 . Ohno et al. (2003) examined this relationship. In their experiments, normal portland cement (NPC), blast furnace slag blended cement (BB), and low heat portland cement (LPC), satisfying JIS, and fine aggregates consisting of sea, river, and JIS standard sands were used. As a superplasticizer, one commercial polycarboxylate designed for concrete having a W/C ratio of approximately 0.40 was used. Various concrete mixtures were examined as shown in Table 1 corresponding to typical concretes with average slump concrete with a higher W/C ratio, middle range flowable concrete with a medium W/C ratio, and highly flowable concrete with a lower W/C ratio. Concrete slump or slump flow and mortar flow of wet screened (WS) mortar from concrete were measured. Further, mortar having the same mixture proportion in concrete was mixed separately and the flow of this separately mixed (SM) mortar was evaluated. Figure 4 shows the relationships between PC I dosage and the fluidities of concrete and mortar. There are a few peculiar points. At the W/C ratio of 0.55, when JIS sand was used, the addition of PC I did not result in an increase in slump although the flow of mortar seemed to increase. For the combination of NPC and sea sand, although PC I addition increased concrete slump, the mortar flow remained constant. At the W/C ratio of 0.30, only the case of LPC showed a reasonable relationship between the PC I dosage and fluidity, and increased dosages of PC I resulted in higher fluidity of every indicator. However, other combinations showed no corresponding behavior of fluidity against PC I addition. On the other hand, in the case of the W/C ratio of 0.40, increased dosages of PC I always resulted in higher fluidity regardless of the kind of concrete mixture, as expected. Figure 5 shows the relationships among concrete slump or slump flow, WS mortar flow, and SM mortar flow. Again, the expected good positive correlations among these parameters were obtained only in the case of the W/C ratio of 0.40. The top row in Figure 5 indicates whether concrete fluidity is controlled by the fluidity of mortar in concrete. Only in the case of the W/C ratio of 0.40, although the relationships are different depending on the cement and aggregate types, a positive linear relationship is obtained in every combination, which indicates that the concrete fluidity is controlled by mortar fraction.
However, at lower and higher W/C ratios, there is no simple correlation. The workability of concrete is generally judged by the deforming behavior observed during the slump test. Smooth deformation without material segregation is an indicator of workable concrete. When concrete collapses from the top toward the outside separating coarse aggregate, that concrete is judged to be poorly workable. Judging from the deforming behavior of concrete during the slump test, concrete with a high W/C ratio did not show smooth deformation, which indicates a lack of fines. At low W/C ratios, the deformation behavior was normal but the dosage of PC exceeded 2.0 mass%, which is excessive. The recommended dosage of this PC is from 0.8 to 2.0 mass% of cement. One possible explanation for the unexpected relationship between the PC dosage and fluidity at low W/C ratios is that the PC used in this condition did not work efficiently and some factors such as a slight difference in mixing procedure or wet screening process may affect the fluidity.
The middle row in Fig. 5 shows the relationships between WS mortar and SM mortar. If there is a simple linear correlation, this means that the fluidity of mortar parts in concrete can be reproduced by simple mortar tests. Again, positive linear correlations are obtained only in the case of a W/C ratio of 0.40, although the positions are different in some degree depending on the combination of cement and aggregate. In the bottom Fig. 5 , the fluidity relationships are shown between SM mortar flow using JIS standard sand and the SM mortar flow of field sand. If a proportional correlation is obtained, it is possible to estimate the fluidity performance of cement and superplasticizers by a universal standard mortar test. When the W/C ratio is 0.40, a simple correlation was obtained. However, in the other cases, significant differences were detected. Of course, clay minerals in sand are known to significantly affect the performance of PC (Sakai et al. 2003) . In this experiments, clay mineral were not included.
The above results indicate that the fluidity of concrete is not controlled by the fluidity of mortar in concrete at relatively higher and at relatively lower W/C ratios. At higher W/C ratios, the state of the concrete was poor due to the lack of fine particles. This kind of concrete usually has poor workability, and this poor workability is thought to be the reason for the poor correlation of concrete fluidity and WS mortar flow. At lower W/C ratios, the dosage of PC is excessive and the performance of PC may be affected by slight changes in mixing conditions and the nature of the materials that are used, although the reasons are not clear. use of this PC in this study. It is not clear which type of superplasticizer is suitable for the evaluation. However, under these moderate conditions, many kinds of superplasticizers can be examined.
Experiments
From the review described in the previous chapter, when the W/C ratio is relatively high, workability of concrete is an important factor for examining fluidity performance. When the W/C ratio is relatively low, suitable superplasticizer in this W/C ratio range is thought to be required. Therefore, at higher W/C ratios, limestone powder was added to enhance the workability of concrete, and at lower W/C ratios, another polycarboxylate superplasticizer having a higher dispersing ability was selected to examine this hypothesis.
Materials and mixture
Concrete was prepared with normal portland cement, fine aggregate conforming to the JIS standard, and coarse aggregate consisting of crushed sandstone having a maximum size of 20 mm. The coarse aggregate was washed to remove fine particles. All types of aggregates were in a water saturated surface dry condition. Limestone powder having a Blaine specific surface area of 3600 cm 2 /g was added by replacing fine aggregate by as much as 6.3%. Two kinds of polycarboxylate superplasticizer were used. PC I is suitable for relatively higher W/C of approximately 0.40 or 0.50, and PC II has a higher dispersing performance, which is suitable for relatively lower W/C of approximately 0.30. The mixture proportions and target fluidity are listed in Table 2 . The fluidity of concrete was modified by changing the dosage of PC. Another mortar having the same mixture proportions without coarse aggregate was mixed separately.
Concrete with a W/C ratio of 0.55 was mixed as follows by using a pan-type one-axial mixer. Cement and aggregate was mixed for 15 s at first, then water with PC was added and mixed for 30 s, then checked and mixed for an additional 30 s. Concrete with a W/C ratio of 0.30 was mixed as follows. Cement and aggregate was mixed similarly at the W/C ratio of 0.55, but the final mixing time was 90 s. In one case, the last mixing time was prolonged to 180 s. SM mortar was mixed as follows using a Hobart mixer. Cement and wet sand was mixed similarly at the W/C ratio of 0.50 but the last mixing time was 120 s. In one case, the last mixing time was prolonged to 210 s. The mortar portion was screened from the concrete with a sieve with 5 mm openings on a vibrating table.
Measurement
As an index of the fluidity of concrete, the slump and/or slump flow was measured. As an index of the fluidity of mortar, the self spread of mortar without a dropping procedure was measured using a circular truncated cone having a diameter of 100 mm at one end, a higher diameter of 75 mm at the other end and a height of 50 mm. The fluidity was measured immediately after mixing and at 30 min and 60 min after mixing.
In order to analyze the working mechanism of superplasticizers, the specific surface area of the paste portion and adsorption amount of superplasticizers were measured by using the nitrogen single point adsorption BET method and a total organic carbon analyzer, respectively. Solution phase chemistry was evaluated by ion chromatography.
Results and discussion
Comparison of the fluidity of concrete and mortar
The fluidity measurement results are summarized in Table 2 . The relationship between PC dosage and fluidity right after mixing is shown in Fig. 6 . There are linear relationships in every case as expected, which indicates the fluidity of concrete is controlled by the mortar portion. In the case of the W/C ratio of 0.30, the data of The relationships between the slump flow or SM mortar flow and WS mortar flow is shown in Fig. 7 . Data at various ages are included in this figure. As expected in Fig. 6 , the concrete slump flow shows a good linear positive correlation with the WS mortar flow, which indicates that fluidity of concrete is controlled by the fluidity of the mortar portion regardless of the W/C ratio. As estimated earlier, the workability of concrete is enhanced at higher W/C ratios through the addition of fine particles, and the fluidity of concrete is controlled by the mortar portion. Therefore, the addition of PC I can contribute to the fluidity of concrete. At lower W/C ratios, switching to another PC having higher dispersing performance causes the dosage level of PC II to be in a reasonable range and effectively enhances the fluidity of the mortar, resulting in an expected change in concrete fluidity. In this case, the effect of prolonged mixing does not affect the correlation between the WS mortar and concrete slump flow because the change in mortar fluidity results in a change in concrete fluidity.
The relationships between the WS and SM mortar flows are shown in the right part of Fig. 7 . In the case of the W/C of 0.55, there is a positive linear correlation but it is not proportional in the relatively lower flow range. One reason that WS mortar has a lower flow than SM mortar may be a loss of cement paste during the wet screening process. Another reason is the efficiency of mixing. The BET surface area of the hydrated cement is shown in Table 3 . The BET surface area of WS mortar is larger than that of SM mortar. Of course, the possibility of an increase in the number of fine particles during mixing due to mechanical effects cannot be ignored. However, the larger BET surface area may also be caused by the progress of cement hydration in concrete owing to higher mechanical mixing efficiency compared to SM mortar.
In the case of the W/C of 0.30, if the prolonged mixing data are eliminated, every data becomes close to the unity slope line of WS and SM mortar flows. By the extension of the mixing time, hydration of cement progresses and the fluidity decreases more significantly in the case of WS mortar than in the case of SM mortar.
Another important behavior of longer mixed mortar is quicker loss of fluidity. As shown in Table 2 , the loss of flow during 60-minute for WS mortar is 19 mm at 120 s of mixing, and 57 mm after 210 s of mixing. This effect of mixing time is not clear in the case of SM mortar. This difference may be caused by the difference in mixing efficiency between concrete and mortar.
Working mechanism of PC
As the fundamental working mechanism of PC, one parameter, adsorption amount of PC per surface area of cement hydrates, is reported to show direct correlation with flow (Sugamata 2000 . In order to check this mechanism, the slump flow and SM mortar flow were plotted against the adsorption amount of PC per BET surface area of hydrates, AD/BET, as shown in Fig. 8 . As illustrated in the left part of Fig. 8 , concrete slump flow shows positive linear correlations with AD/BET depending on the W/C ratio but regardless of PC dosage and age. This means that the parameter AD/BET can be a fundamental parameter determining the fluidity of concrete when concrete has adequate workability and is made with an appropriate superplasticizer. Fig. 8 , although at higher W/C ratios, SM mortar flow shows a positive linear correlation with AD/BET, at lower W/C ratios, the correlation is unclear. If the data of prolonged mixing is selected, there is a positive linear correlation. However, there is no general trend. The reason for this poor correlation is not clear but the estimation of the BET surface area may not be appropriate in some cases because the adsorption amount of PC per surface area depends on the kinds of hydrates (Yamada and Hanehara 2003) .
Another important mechanism governing the performance of PC is the competitive adsorption between PC and SO 4 2-on cement hydrates (Yamada et at. 2000) . Assuming the competitive adsorption between PC and SO 4 2-, AD/BET can be expressed by a function including parameters of PC concentration [PC] and SO 4 2-concentration [SO 4 2-] as shown in Eq. (2) (Yamada and Hanehara 2003) .
where N PC = number of adsorbed PC on the surface of solid i, which is assumed to proportional to AD/BET, N i = number of adsorption site on the surface of solid i corresponding to the saturated adsorption amount of PC, K PC = constant of adsorption equilibrium of PC, and K SO = constant of adsorption equilibrium of sulfate ions. In this study, the following values are used based on the study by Yamada and Hanehara (2003) : N i = 3.9x10 -8 , K PC = 2.2x10 5 , molecular weight of PC = 3.6x10 4 , K SO = 1.3x10. For [PC] and [SO 4 2-], measured data were used. The relationships between AD/BET estimated by Eq. (2) and SM mortar flow are shown in the right part of Fig.  8 . For each W/C ratio condition, positive linear correlations are obtained, which indicates that the parameter AD/BET represents the fundamental mechanism of PC. The fact that the line does not travel through the origin suggests that a significant amount of PC is subject to sacrificial or ineffective adsorption.
Recommendations for the examination of the fluidity performance of cement and superplasticizers
Based on the above discussions, the following important points regarding the test method for examining the fluidity performance of concrete materials are recommended. -When certain requirements are satisfied, the fluidity performance of cement and superplasticizers may be evaluated under limited W/C ratio conditions. -Two major requirements for estimating the fluidity of concrete have been clarified. One is a suitable range of mixture proportions for some materials such as superplasticizers. The other is good workability of concrete having an adequate amount of powder content. -No single method is applicable for all combinations of material and for all mixture proportions of concrete. -
The fact that mixing time or mixing efficiency affects fluidity was also confirmed, but further research on the relationship between real concrete and laboratory concrete is required. -In the case of laboratory concrete, the fluidity performance of the concrete materials should be examined under conditions that simulate production scale concrete. Further, checking the fluidity performance of specific mixtures does not allow certification of the performance of all types of concrete. 
